Introduction
Intermediate filaments exist in nearly all eukaryotic cells and many biological materials including wool, hair and hooves [1] [2] [3] [4] . As many other fibrous proteins such as collagen or fibrin, they linearly and laterally self-assemble into filaments with a diameter of 8-12 nm [1, 5] which appear to be intermediate in size between those of the other cytoskeleton components, microtubules (25 nm) and microfilaments (7-9 nm). These three components work together to enhance the structural integrity, and motility of cells. Besides the diameter differences, intermediate filaments are more flexible to adopt multiple conformations than microtubules, and they are more extensible when subjected to the tensile stress than those two components [5] . Its most fundamental subunit is called a dimer and has a common tri-partite organization characterized by a central alpha-helical coiled-coil domain and amorphous "head" and "tail" domains of variable length and sequence [2, 6] .
Compared to microtubules and microfilaments, the intermediate filament family has more members and each of them features specialized functions. For instance, the intermediate filament protein family in humans contains more than 70 proteins [2, 3] , which are classified into five distinct types based on their similarities in sequence and the tissue distribution [6, 7] . Type I and II intermediate filaments are acidic keratin and basic keratin produced by different epithelial cells, respectively. Keratins play the key role to maintain the cell's stability in its morphology and contribute to the stability of mechanical connection to adjacent cells [8] . Type III intermediate filaments include vimentin, desmin, glial fibrillary acidic protein, syncoilin and peripherin. Vimentin is found in the cytoplasm of fibroblasts, leukocytes, and blood vessel endothelial cells. It plays a significant role in maintaining cell integrity by supporting and anchoring the position of the organelles in the cytoplasm [2] . Type IV intermediate filaments are mostly inside the nervous system including neurofilament, internexin and nestin. Neurofilaments are found specifically in neurons and it provides structural support for axonal radial growth, leading to an axon diameter increase by a factor of five [9] . Type V intermediate filaments include lamin which forms a filamentous support inside the inner nuclear membrane. It contributes largely to the structural integrity of the nucleus and plays a vital biological role in the process of the re-formation of the nuclear envelope after cell division [10, 11] .
Due to their important mechanical roles in cells and tissues, intermediate filaments have been referred to as the "safety belts of cells". There is evidence to show that the mechanical function of intermediate filaments plays a central role among their physiological functions [12] but conventional material or biological models have failed to explain the mechanism behind [13] . For example, the complete mechanism of Hutchinson-Gilford progeria syndrome, which is also known as rapid aging disease, is still not clear. Children with this syndrome experience severe hardening of the arteries and this condition significantly increases the chances having a heart attack at an early age and die prematurely. By systematically comparing the patients' DNA sequences to normal ones, a point mutation in DNA has been identified that causes a cryptic splice site that leads to a 50 amino acid deletion in the lamin tail domain [14] . In vivo experimental work has provided evidence that the mutated lamin forms more ordered and rigid networks than the wild type [15] . However, there is relatively little theoretical or modeling work to explain the mechanism by which the peptide deletion causes the nuclear lamina to become unstable, leaving the disease mechanism and process largely elusive.
It is now clear that the nanostructure and nanomechanical properties of intermediate filaments are the key to understanding the mechanisms of intermediate-filament-related diseases, since most known genetic diseases stem from single point mutations [3, 13] . However, to fully understand the mutation effects one needs to develop a systematic perspective by considering the tissue as an integrated system. Some of the molecular interactions are strong and appear to be critical during physiological processes, and thus can not be removed or altered without changing the tissue function. For example, the head domain at the N-terminal and the tail domain at the C-terminal end of intermediate filaments are essential in the association of intermediate filament dimers into higher order assemblies such as head-to-tail polymers [6, 16] . Those domains are highly conserved in sequence and mutations there usually relate to diseases such as various muscular dystrophy conditions for vimentin and lamin. Moreover, molecular modeling has shown that a single point mutation is hardly sufficient to affect the mechanical features of a lamin dimer as a standalone system, but its influence appears in the hierarchical context [17] . These evidences make us believe in that any study restricted to a single scale level is far from enough to model and understand an intermediate filament system. Thus researchers are challenged intensify the efforts in studying the hierarchical structures and material functions at multiple scales as summarized in There are persistent experimental challenges in identifying the entire whole structure of intermediate filaments. Some intermediate filaments regions, including the head, tail domains and linkers, are composed of largely intrinsically disordered structures that take many possible conformations. They are typically difficult to crystallize, making traditional structural analyses such as X-ray crystallography and NMR challenging. X-ray diffraction method on naturally occurring or recombinantly produced intermediate filament bundles has been applied to investigate the structure of the rodlike domain of intermediate filament dimers and has partially solved their coiled-coil structures [18] . However, it does not provide sufficient data to model the disordered regions. Solid state nuclear magnetic resonance can be used to derive the 3D structure of molecules in solution but its successful usage limits to small particles like amyloid peptides [19] . Cryo-electron tomography offers the promise of molecular-level imaging of single intermediate filaments, but the method is limited by the low temperature requirement and the best tomograms are currently limited to a resolution around 5 nm [20] . Far-field fluorescence microscopy techniques combined with recently developed super-resolution techniques manage to actively control the fluorophore emission in any imaging frame and thus the resulting image can reach a resolution of 20 nm [21] . It can be used to observe the 3D profile of intermediate filaments and their dynamic behavior inside cells, but the resolution is even further from being sufficient for molecular modeling.
The intrinsic limitations in experimental methods call for the development of complementary computational methods that can provide a more controlled condition to assess the relation between the nanostructure and nanomechanics of this class of materials. Atomic interactions, which are difficult to be directly measured from experiments, can be computed by first-principles based calculations such as density functional theory (DFT) and relevant numerical implementations. Several massive sampling techniques have been developed during recent years, making protein structure prediction and refinement increasingly feasible [22, 23] . However, even the most powerful computer face severe length and time scale limits simulating an entire material (or cell) with full electronic structures and atomic details. A finertrains-coarser computational modeling approach can be applied as shown in Fig. 1 to investigate the mechanical properties of a complex system like intermediate filament networks. This methodology holds great advantages in probing the material behavior at various scale levels without losing the underline atomic mechanism to explain coarser scale phenomena [24] .
In this review article, we focus on recent progress in the application of computational and theoretical modeling of the structure and mechanics of intermediate filament networks. The structure of the entire network is exceedingly complex (in a hierarchical structure) that its complete description is clearly beyond the ability of single scale modeling. Therefore, in the current study we explore the topic with a mul-tiple scale approach. By invoking a "divide-and-conquer" strategy we discuss four central issues: (1) How to use computational simulation to investigate the atomic structure of the most amorphous region of intermediate filaments? (2) How does a single intermediate filament respond to external forces and what is the mechanism of this highly nonlinear response? (3) How do single filaments associate with one another by various types of crosslinks, and how can physiological conditions play an important role in affecting the mechanical response of crosslinks? (4) How does an intermediate filament network respond to extreme stress conditions and what is the mechanism of its failure? Multiple examples are provided to showcase the application of computational simulations at different scales.
Multiple scale modeling of intermediate filament networks

Atomic structure of lamin tail and molecular mechanism of progeria syndrome
The tail domain of lamin A is composed of 261 amino acids with mostly disordered structure, and demonstrates the characteristic qualities of intrinsically disordered proteins including a promiscuity in protein binding, tendency to aggregate in a high proline and glycine content [25, 26] . It is difficult to predict how the removal of 50 amino acids in this disordered region lacking secondary structure will affect the protein function because of no specific conformation. The structural characteristic of this domain may be only described as an ensemble of local energy minimum conformations which statistically represent conformations allowing protein bindings and lead to statistical mechanical functions. Other intrinsically disordered biological materials include spider silk, huntingtin (an unstructured molecule that relates to Huntington's disease) and talin rods share similar characteristics [27] [28] [29] . Classic molecular dynamics method is difficult to investigate such a structural property because the molecular conformation is easy to be trapped by its local energy minimum state. Instead, the replica exchange molecular dynamics (REMD) has been shown to be successfully utilized as a computational method used to improve the dynamic properties of conventional molecular dynamics and Monte Carlo methods, aiming at obtaining an ensemble of global minimum free energy states by overcoming kinetic trappings as shown in Fig. 2 [28, 30, 31] . Compared to conventional molecular dynamics that runs under a constant temperature, REMD utilizes many replicas to run in parallel under various temperature conditions. The replica under higher temperature enhances barrier crossing ability in the purpose of larger conformation samplings while the replica under lower temperature converges to a more accurate prediction of local minimum. This design is based on the fact that τ = τ 0 exp(ΔG/k B T ) is the expected time for conformation change by crossing the energy barrier, where τ 0 = 1 ps is the natural vibration period, ΔG the energy barrier to cross, k B the Boltzmann constant and T is the ensemble temperature. The metropolis criterion is used to judge whether or not the configurations exchange between the higher and lower temperature replicas.
REMD is efficient under the condition of massively parallelized computational power. For example, here we take the sequence of human lamin A/C (SwissProt/TrEMBL accession number P02545) and study the conformation of the wild type lamin (AA428-646) and the Δ50 mutant (AA428-614). Here, 128 replicas with 128 CPUs are applied for parallel computing and CHARMM force field is used to model the atomic interactions [32] . 20 000 energy exchange cycles (10 ns for each constant temperature replica) are performed to ensure the convergence of the conformation energy. We classify the conformations in the lowest temperature replica (corresponding to conformations with local minimum energy) according to the mutual similarity of atomic coordinates, and K-means algorithm is used to identify conformation clusters with root mean square deviation less than 0.2 nm. For each structure cluster, we select the representative conformation with lowest energy and as shown in Fig. 3a . The Ig-fold is observed as conserved β-sheet secondary structure while the rest are mainly composed of disordered structures. We statistically study all the lowest temperature conformations to obtain the expected secondary structure distribution as shown in Fig. 3b . It is shown that most of the secondary structure in this tail domain is composed of β-sheet structure (21.9% for the wild type and 18.6% for the Δ50) and random coil (turn + coil as 66% for the wild type and 72% for the Δ50), which agree to the circular dichroism measurement as it gives structural composition of main β-sheet (27% ± 5% for the wild type and 23% ± 7% for the Δ50) and random coil (66% ± 5% for the wild type and 70% ± 7% for the Δ50) with little α-helix [30] . The simulation result statistically shows that the overall diameter of the Δ50 mutant (3.2 ± 0.3) nm smaller than the wild type lamin (5.0 ± 1.4) nm, which agrees with the dynamic light scattering (DLS) measurements shown in Fig. 3c . The result suggests that the Δ50 mutant has a more compact structure than the wild type lamin. Combining with further investigation to show that the Δ50 mutant is of a higher thermal stability (by approximately 155-293 kcal/mol [30] ), the result, which is obtained both in computational calculations and experimental tests, provides the molecular mechanism of the progeria syndrome.
Mechanical properties of single intermediate filaments
The mechanical behavior of single intermediate filaments under extreme condition is highly nonlinear, and is mostly defined by the coiled-coil secondary structure of the rod-like domain of the dimer [33] . It has received considerable attention because of the variability cross different types of intermediate filaments lies on the length and sequence of the head and tail domains but the rod-like domain is conserved. Its tensile properties have been investigated in atomistic simulations by steered molecular dynamics (SMD) as well as experiments by atomic force microscopy (AFM) for stretching [5] . For the SMD technique, one end of a deformable spring is tethered to the protein end and the increasing pulling force is applied to the other end of the spring as shown in Fig. 4a . This method is similar as the tapping mode of AFM to avoid any direct ambitious force that instantly breaks the structure, and thus it is promising to find the relation between mechanical and microstructural properties of protein structures [34] . The typical S-shape of the force-extension curve of intermediate filaments before rupture, which is obtained by stretching the vimentin both by SMD and AFM, gives a signature of intermediate filaments as shown in Fig. 4d . We find the mechanical properties of intermediate filaments are closely related to their secondary structures during the stretching process. The first linear region at the small strain (< 50%) corresponds to the intact coiled-coil structure under homogenous deformation. The secondary plateau region (up to 90% strain) corresponds to the material plasticity comes from the unfolding of alpha helices. Hydrogen bonds in different segments break sequentially in this region [35] . The third stiffening region (up to 180% stain) corresponds to the alphabeta transition caused by reforming of the hydrogen bonds between the unfolded adjacent polypeptides [35] [36] [37] . This phenomenon is explained by that the unfolded polypeptides lose their alpha-helix conformation but gain more degrees of freedom (can be explained by the significant decrease in persistence length, from several tens of nanometers for an alpha-helix to approximately 0.4 nm for a random coil), and the hydrophobic interactions squeeze the unfolded chains together to form beta-sheet structures as shown in Fig. 4b . This process is validated by experimental observation in scanning electron microscope (SEM) (as shown in Fig. 4c ) as the filament diameter significantly shrinks under stretching and its secondary structural character changes from α-helix to βsheet under wide angle x-ray scattering (WAXS) and infrared spectroscopy (IS) [35, 38] . It is observed in experiments that the secondary structure characteristic after transition keeps stable for 24 hours, which agrees to the simulation result as the β-sheet structure content keeps on a constant level after force relaxation as shown in Fig. 4e . The last plateau region before rupture corresponds to the sticky sliding of the beta-strands with respect to each other. Hydrogen bonds deform cooperatively and rupture in clusters with a uniform size (∼ 3.5 hydrogen bonds), leading to a constant average force. We study the secondary structure character for each amino acid by looking into its dihedral angle and hydrogen bonding patterns within the wild type tail (AA428-646) and progerin tail domain (AA428-614) and the probability for each secondary structure is thereby calculated from its percentage in content; c The statistical result of the diameter of the wild type lamin and Δ50 mutant, and it is shown that the Δ50 mutant gives a more compact structure.
2.3
Mechanical and dynamic properties of filament crosslinks Although the mechanical property of the single intermediate filament under extreme conditions is greatly controlled by a conserved rod-like domain, different types of intermediate filaments have different strategies to make the single filaments connected and form the integrated network. For example, the individual filaments can be crosslinked by forming covalent bonds caused by chemical reactions among amino acids [39, 40] , or it can be crosslinked by divalent cations, such as Ca 2+ and Mg 2+ , which are widely observed crosslinking agents in the vimentin network [16] , or they can be connected by the non-bonded adhesion of small molecules like filament tail domain or plectin, which is a protein with coiled-coil structure, plays a role as linker to connect cytoskeletal filaments and is important for network organization [41] . 
The bond strength is greatly controlled by the concentration of a reducing agent, which can induce a reversed reaction as
Many reducing agent including dithiothreitol, thioredoxin enzymes and hydrogen molecule can cause this reaction. Thereby the disulfide bond in keratin can create a reversible crosslink that is governed by the microscopic chemical environment, and this crosslink property controls the structure and mechanical properties of the keratin filaments and its networks. The quantitative understand of the mechanism of this process will provide insight into the tunable mechanics of protein crosslinks. Experiments have shown the reactions in experiments [40] but have never created an ideal environment for quantitative measurement of the bond strength and provide the molecular mechanism. Quantum mechanics methods have been applied to study the single bond breaking pathway but their computational complexity limits their applications to study the solvent effect by modeling the water and other agents explicitly. In a recent study, the investigators apply the first-principles derived ReaxFF reactive force field to study the disulfide bond strength [42, 43] . This force field is capable of modeling chemical reactions (including transition states during reactions, charge equilibration) while retaining computational efficiency, which has been previously demonstrated for a variety of reactive systems including oxidization of hydrocarbons, silicon fracture and rupture of collagen [44] [45] [46] . It is found that the mechanical property of disulfide bond in protein structures is strongly influenced by the reduction potential of the chemical microenvironment, where the concentration of reducing agents can drastically changes the strength of a protein disulfide bond, and controls the rupture pathway by reducing the energy barrier of bond breaking [42] . The Ig-fold within the lamin tail domain plays an important role in intermediate filament binding and aggregation [47] . The Ig-fold as shown in Fig. 5a is basically composed of the β-sheet structure in two halves inside the surrounding disordered regions as shown in Fig. 3a [30, 48] . The molecule conformation of the Igfold affects the adhesion property for filament binding and aggregation [47] . By using the block normal mode (BNM) method [49] , we analyze the dynamic properties of this Ig-fold. This method has the purpose in obtaining the protein structures' dynamics property by analyzing the structure's intrinsic vibration mode and frequency (as has been used to computationally study the elastic property of amyloid structures [50] ) as show in Fig. 5b . Each component of the mass-weighted Hessian matrix is generated by the second finite differences of the potential energy between any of the two amino acids, each of which is taken as a single block, within the equilibrated structure. The eigenvalue of the Hessian matrix gives the frequency of a certain mode while the corresponding eigenvector represents the mode shapes. Among all the normal modes, the low frequency modes (excepted mode 1-6 as they represent rigid body motion) are collected and they correspond to large-amplitude movements and conformational changes of the structure. It is shown that for this Ig-fold, the first three modes capture the opening behavior into two halves in different directions. This analysis provides a direct evidence that the structure of the Ig-fold facilitate its conforma-tion change to alter its binding property. This observation agrees to the result that is obtained in experiments to show that the calcium ions effectively alter the molecular binding property by changing the dihedral angle of this Ig-fold (unpublished data). By using the well-tempered metadynamics method [51] , we are able to obtain the free energy landscape of this Ig-fold structure as a function of the dihedral angle. We find the most energy favored dihedral angle is 66 • and the energy height for structure transition is 22.59 kJ/mol as shown in Fig. 5c . This energy is the same order of a single hydrogen bond energy between two water molecules and such a shallow energy barrier provides the basis for the hypothesis that the chemical environment plays an important role to alter the conformation and binding property of this protein structure. The structure and dynamic properties of the Ig-fold. a The Ig-fold is mainly composed of a β-sheet structure, which forms a dihedral angle between the two halves. The angle is defined and can be measured by the position of the mass center of the 4 amino acid as shown.
The first three vibration modes are as shown by the cones pointing from the alpha carbon of each amino acid involved in vibrations; b Frequencies of the first few vibration modes as functions of the deformation energy, the low energy level for the low-frequency modes indicates that the corresponding deformations are more dominant; c Free energy landscape of the Ig-fold as a function of the dihedral angle as obtained from well-tempered metadynamics calculations.
Mechanical properties of intermediate filament networks
Intermediate filament network is involved in propagating mechanical stresses from the cell surface to the nucleus. It has been shown recently that there are linkages between cytoskeletal intermediate filaments and the nuclear lamina, namely, nesprin and SUN proteins [52, 53] . Moreover the interactions between intermediate filament networks and integrins have been identified to involve in cell migrations [54] . However most of the cell level studies on intermediate filament mutants have only focused on their assembly properties and their involvement in signal transduction pathways but few have looked into the fundamental property of the entire network structure. To model the network material, one needs to combine the network geometry, single filament property as well as the crosslink property. An elastic network model has shown its power in modeling the structure and properties of gels and good agreements to experimental tests have been found in the elastic regime [55] . Moreover, this model has shown that the material property of vimentin networks is effectively controlled by its microscopic topology and crosslink strength, as the concentration of divalent cations plays an important role in affecting the networks' mechanical and dynamical property. They also identify that the last few amino acids in the vimentin tail domain account for forming those ionic crosslinks between filaments [16, 56] .
One question about intermediate filament network is why it can effectively withstand extreme dilations and deformation (> 100%) without rupture even with the existence of defects [15, 57] . Conventional continuous material models have failed to explain this significant capacity to expand. This is because in many engineering materials such as metal and silicon, locations of structural imperfections such as crack-like inclusions usually present singularities for stresses, which typically causes a severe deterioration of material properties [46] . However, intermediate filament networks are composed of highly nonlinear materials and may lead to different material behavior. This key hypotheses has been tested by building a net-work model based on the bottom-up design as shown in Fig. 6 . This blueprint illustrates the basis for setting up the mesoscale model of nuclear lamina networks basing on the constitutive behavior of individual single filament building blocks as shown in Figs. 6a and  6b . The mesoscale network model integrates the tensile property, bending property and density of the single filament by designing the bond term, angular term and particle mass in the potential function, respectively. The model also includes the inter-filament crosslink by designing the inter-filament connecting strength between particles in different filaments. This model captures the mechanism behind the deformation capacity (> 100% strain) of intermediate filament networks despite the presence of structural defects as shown in Fig. 6d . This flaw-tolerant characteristic is greatly caused by the stiffening behavior during secondary structural transitions for a single filament. The behavior significantly increases the capacity of the meshwork to withstand loading by delocalizing the deforma-tion energy around flaws, and preventing catastrophic crack propagation. A more severe condition causes the crack to propagate in two directions without brunching for energy dissipation as shown in Fig. 6c . This phenomenon is also captured by simulations as shown in Fig. 6d . The effect of crosslink strength has been studied basing on this model. It is found that the crosslink strength between filaments plays a critical role to affect the materials strength by tuning the failure mechanism of the network. The unpinning process between crosslinked filaments is the key mechanism to enable the tuning function. Comparing to the failure strength of the network with very strong crosslinks, it has been find that the networks with moderate crosslink are 23% stronger [58] . This result, combining with the fact that the Δ50 mutant makes the lamin tail as a crosslink become more compact and rigid for binding, provides the mechanism in explaining the progeria syndrome as the mutated cellular nuclear behaves less stable and more vulnerable to defects. . The chromatin (chr) is exposed during this process and the white double arrow indicates the crack. Scale bar: 200 nm; d Snapshots of the intermediate filament network under the uniaxial tension from its initial state to extreme applied strain that exceeds the material limit. The schematic figures to the right show the transition of the crack shape in stretching.
Conclusion
By studying the mechanical and biological properties of intermediate filament proteins from a bottom-up perspective, we have shown the power of computational modeling as a tool to fill in the gap between genotype and phenotype of intermediate filaments by setting up bridges of the molecular structure, mechanism and the materials functions. Establishing such links is critical to reach a better understanding of the complete gene expression and modification path, which is not limited to intermediate filaments but may be generally applicable to other proteins structures in studying their mechanical properties. With the multiscale modeling scheme and computational tools, we can rationally design novel polymer materials with greater reliability and tunable material properties by adjusting their compositions and microscopic structures. Another strength of this methodology is that it enables us to simulate a system with tens of micrometers dimension while retaining information about molecular details and mechanisms, which has been demonstrated recently in a study of spider web mechanics [59] . As single point mutations in protein materials represent typical sources that create flaws in biological systems, it is very important to understand the pathway of the disease because the designs of effective treatments of genetic diseases. Over 4 000 known human diseases are estimated to be caused by single gene defects that can be either inherent or accumulated. Since experimental methods are limited both in time and space resolution, computa-tional modeling has an advantage to investigate biological systems in a bottom-up fashion. In the multiple scale modeling, quantum effects, thermal fluctuations, chemical reactions, structure stabilities, conformities and interaction networks can all be considered for quantitative understanding of material functions and processes, which are features rooted in the nanoscale realm and extended to the macro realm. By combining with the experimental and clinical effort, we hope that this methodology will facilitate breakthroughs in biomedical and biomaterial innovation in future applications.
